Hydraulic power and other kinds of disturbance in a linear motor-direct drive actuator (LM-DDA) have a great impact on the performance of the system. A mathematical model of the LM-DDA system is established and a double-loop control system is presented. An extended state observer (ESO) with switched gain was utilized to estimate the influence of the hydraulic power and other load disturbances. Meanwhile, Radial Basis Function (RBF) neural network was utilized to optimize the parameters in this intelligent controller. The results of the dynamic tests demonstrate the performance with rapid response and improved accuracy could be attained by the proposed control scheme.
Introduction
Currently, the most common electrohydraulic actuator is the multistage hydraulic actuator with the nozzle flapper pilot [1] . But this kind of actuator has disadvantages such as poor anticontamination characteristics, low-frequency response, and low-power density. So, the linear motor-direct drive actuator (LM-DDA) system [2, 3] , which would greatly simplify the mechanical structure and improve the control frequency response, has attracted great attention in recent years. Compared to the traditional hydraulic actuator, the largest difference is the abolition of the amplification stage [4] . In the LM-DDA system, the spool valve body is straightly driven by the linear motor. So, the frequency of the spool movement has been significantly improved. However, due to the cancellation of the hydraulic amplifier stage, the whole system has strong nonlinearity and uncertainty [5] . The fluid power and other loads directly couple to the linear motor, so fluid power would have a great impact on the system stability and dynamic control performance.
In the position-closed-loop control system of the DDA, the traditional design is established on the hypothesis that the load force disturbance is 0 or a fixed value. The transfer functions of the actual value and the reference value between spool positions are obtained from this method to optimize the closed-loop transfer function for the purpose of accomplishing the controller design. Negative feedback on load force disturbance has a certain extent to attenuate the hydraulic disturbance, but it does not completely eliminate this influence [6, 7] .
To achieve rapid response and robustness motions, a high-performance controller with advanced control scheme is required to be designed. PID control is the most conventional control method [8, 9] . In general, the control of the LM is wished to have accurate signal tracking for the command despite the influence of the transient and steady flow force or the fluctuation of the system's mechanical characteristics. In addition, the response should be rapid due to the design requirement. However, the classic linear PID controller has an unavoidable long recovery process and an inevitable error when the system reaches a stable state [10, 11] . In this case, the classic PID control strategy could not get fast and accurate position response. So, many design techniques have been proposed to tackle this problem. The literature [12] reported a control scheme based on disturbance observer to realize motion control with high accuracy. Yet, this strategy uses low-pass filter so the performance of the actuator would be influenced while tracking the high-frequency signal. Fuzzy control [13] is an intelligent control method on the basis of fuzzy set theory, fuzzy language variables, and fuzzy logic 2 Discrete Dynamics in Nature and Society reasoning. The basic idea is to experience expert control of the controlled object into a series of control rules. Fuzzy control does not rely on the specific mathematical model of the plant so its applicable scope is wide and it is easy to be achieved by using digital controller when the nonlinear time varying load has certain robustness. Although fuzzy control strategies improve the intelligence, they simply use more control rules. In this case, much expert experience is needed to settle the rules. So, the control accuracy is relatively low without the expert experience.
Artificial neural network [14, 15] has the advantages of distributed storage, parallel processing, nonlinear approximation, and self-learning. So, it shows a broad application prospect in the field of linear servo control. ESO is borrowed from the idea of state observer [16] , and it would be able to affect the output of the controlled object disturbance expansion into a new state variable. The establishment of state variables can be observed with the expansion of the observer with a special feedback mechanism. ESO disturbance generated does not depend on the specific model and does not need to directly measure the role of disturbances. The algorithm could be written as a discrete form, and it also has the advantages of having a simple structure, having a small amount of calculation, being easy to implement, and being a real-time digital controller. Therefore, ESO is a more versatile and practical disturbance observer [17] .
The remainder of this paper is organized as follows. In Section 2, the model of a DDA system is established and how hydraulic power has a bad effect on the control of LM is analyzed. Section 3 introduces ESO into the control system. The optimal parameters in position controller are obtained by minimizing the energy gain between the spool position and the modeling error. And the method is implemented by an improved back-propagation algorithm with the weight balance. Research experiment process is presented in Section 4, where a novel hardware structure of LM-DDA control based on digital signal processor (DSP) and field programmable gate array (FPGA) is given.
Modeling of Direct Drive Actuator System
with Linear Motor Figure 1 shows the structure of a DDA system. As is shown in Figure 1 , in the LM-DDA system, the linear motor directly connects to the spool. is the return port, and denote the two direction control ports, and represents the entrance port. The intelligent controller of the spool receives position reference and feedback. And it would generate the current command to drive the linear motor and complete the closed-loop control. The force withstood by the spool includes thrust force, steady-state fluid power, and flow fluid power. Since the body of the actuator is well lubricated, the impact of the friction is ignored.
The dynamic model of spool could be constructed as
where represents the quality of the spool, is the displacement of the spool which could be measured by a displacement sensor, is the viscous damping coefficient of the spool, and denotes the disturbance of the spool which includes the transient hydraulic force and steady hydraulic force.
With Laplace transformation to (1), it can be drawn that
The hydraulic force has great influence on the opening of the spool and would directly affect the flow of the valve and it should be considered. As is mentioned above, the hydraulic force includes the transient hydraulic force and steady hydraulic force. In general, the steady hydraulic force plays a main role. The existence of the steady hydraulic force increases the driving force of the spool and could cause vibration and nonlinear problem, yet there is no mechanical compensation or pressure drop which would completely eliminate the influence of the steady axial hydraulic force.
The steady hydraulic force could be expressed as follows:
The transient hydraulic force is
where V is the area of discharge, Δ exemplifies the pressure which drops across the outlet, is the region gradient of the DDA, ( 1 − 2 ) is the length of the damper, represents the coefficient of the volume, denotes the angle of the flow, and is the density of the oil liquid. The existence of the axial hydraulic power increases the driving force of the spool, and it would cause the vibration and nonlinear problem. Due to the fact that the axial hydraulic power is related to the operation condition of the DDA, it is difficult to achieve the real-time compensation of fluid dynamics. And this phenomenon could not be completely eliminated. Figure 2 illustrates the whole controlling process of the LM-DDA system. Because the conventional method could not meet the design requirement, the parameters of the position control are first adjusted by the RBF neural network automatically, and then the hydraulic disturbance is estimated by the ESO.
The Proposed Control Scheme
ESO is borrowed from the ideas of the state observer; it is able to get the new state variables from the disturbance function that would influence the controlled output. Special feedback mechanism is established to observe the extended state variables. The basic mechanism of the ESO is that since the alleged output is observable, the output signal contains the information about the disturbance. So, it could be extracted from the output. In this paper, ESO is used to establish the model of the unknown external disturbance (unpredictable hydraulic force). The high order model (order = ) can be expressed as follows:̇1
. . .
where is external disturbance variable, is control variable, ( ,, . . . , ( −1) , ) is an uncertain plant, and Λ represents the output noise of the system.
The state-space model of the system is given in the following form:ẋ
as the extended state of the system described in (6) , and defineẋ = [ 1 2 ⋅ ⋅ ⋅ +1 ] as the whole state of the system. So, the extended state observer should be described as
4 Discrete Dynamics in Nature and Society wherex = [̂1̂2 ⋅ ⋅ ⋅̂̂+ 1 ] is the observable ofẋ , is the tracking error of the ESO, and 0 is the estimated value of . 1 2 ⋅ ⋅ ⋅ +1 is the adjusting gain, and is a small positive constant.
) as the gain vector. In order to ensure the convergence of the ESO, the roots of polynomial (8) should all be located on the negative plane.
The existence of the output noise Λ would have a bad influence on the performance of the ESO. When the gain of the ESO is larger, the tracking speed is faster but ESO would be more sensitive to the influence of the output noise Λ, so, in this paper, a switching rule is designed to tackle this problem.
According to the characteristics of the ESO, when the tracking error is large, a small parameter M 1 is selected so as to estimate the system state and its uncertainty quickly. When the tracking error decreases to a certain value (meanwhile, ESO tracks the state and the extended state of the system), a large parameter M 2 is selected so that the system's sensitivity to the noise could be reduced and the high frequency of the noise could be filtered to some extent. M 1 and M 2 are
] ,
] .
In order to avoid the duplicated switching of the proposed method, a delay timer is used. So, the procedure of the switching of the ESO is arranged as follows:
(1) When | | > , the delay timer is reset, and M 1 is selected.
(2) When | | ∈ [− , ], the delay timer is activated, and M 1 is still selected. Meanwhile, determines the switching region. The position loop is most related to the dynamic and static performance of the DDA. In the proposed scheme, nonlinear arrangement is used to attenuate the influence of the hydraulic force. Tracking differentiator is arranged as follows:
where st ( 1 , 2 , , ℎ) is the most comprehensive function, V 1 is the arranged transition of V 0 , and ℎ is the sampling period.
The most comprehensive function st ( 1 , 2 , , ℎ) is expressed as follows:
where represents a coefficient which determines the tracking speed.
The nonlinear state feedback function is arranged as follows:
We propose the following nonlinear function:
RBF neural network has a three-layer feedforward network. It simulates the partial adjustment in the human brain and the receptive field. The activation functions of the neurons in the hidden layer are nonlinear functions. And the activation functions of the neurons in the output layer are linear functions. So, the learning speed could be accelerated and the local minimum problem could be avoided.
Three-layer RBF neural network's block diagram is designed in this paper, as shown in Figure 3 .
In the structure of the RBF neural network, X = [ 1 , 2 , . . . , ] is the input vector of the neural network, and the radial basis vector of the neural network is
where represents the base width parameter and c = [ 1 , 2 , . . . , ] denotes the center vector of the jth node in the hidden layer. The neural network output of the identification could be represented as follows:
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where is the momentum factor and is the learning rate. The setting indicator of the neural network is expressed as
where V( ) and ( ) are position command signal and the position response signal. The adjustment of 01 , 02 , and 03 utilizes the gradient descent method, which could be represented as
The diagram of the control algorithm (RBF-ESO) proposed in this paper is shown in Figure 4. 
Experiments
To confirm the precision and practicability of the proposed control method for the LM-DDA system, the system was first built using MATLAB/Simulink. The simulation experiment was done on the PID control, the RBF neural network PID control, and the proposed algorithm in Section 3 on the LM-DDA system. The results of the PID control, the RBF neural network PID control (RBF-PID), and the RBF neural network control based on the extended state observer (RBF-ESO) were compared.
We choose = 0.015 and = 0.85 for supervised learning. Figure 5 shows the learning curve of the RBF model. This figure denotes the mean squared error (MSE) along the training step. From the figure, we could see that the convergence effects could be reached.
The major specification data are listed in Table 1 . It is clearly seen in Figure 6 that the settling process of the system is more time-consuming (32.3 ms) while utilizing classic PID control strategy. While applying the RBF-PID, the overshoot is weakened and the system's settling time is shortened by comparison to the PID control. In contrast, the settling time is the shortest (18.1 ms) when the proposed control strategy (RBF-ESO) is applied. And the DDA system almost has no overshoot and vibration while applying the algorithm.
There are such uncertainties that the mechanical characteristics might change when the actuator is running. Figures  7(a)-7(c) show the command and the positon response of the DDA system when the quality shifts during the working process ( = 0.11 kg). The figures validate the notion that the RBF-ESO control scheme shows the best robustness. Compared to the PID control method and the RBF-PID control method, the trajectory curve shows only little difference when the quantity doubles. Figure 8 shows the system's hardware structure based on the TMS28335 DSP and EP2C35F672C6 FPGA. And the experimental setup is shown in Figure 9 .
There are two loops in the LM-DDA control system: the position loop and the current loop. The calculation of the position loop is accomplished by the DSP and the calculation of the current loop is realized in the FPGA. The proposed control strategy is fulfilled in the position loop. Thus, the DSP would be concentrated on the calculation of the proposed algorithm.
A simulation testing VHDL code after compiling and generating the configuration file is done and then the data is downloaded to the FPGA. Since the linear motor is used for coreless motors, the winding inductance is small, thus increasing the difficulty of current control. In this case, a short cycle (20 s) of the current loop calculation is used in the system in order to achieve the good effect of the current control. The current loop controller uses the configuration of FPGA, which would have a simple structure, control speed, and high reliability.
A displacement sensor is set up to get the position feedback signal. Then, this signal is transmitted to the FPGA and then is transmitted to the DSP. The position reference sent from DSP is sent to the FPGA through the sequential port. The power drive circuit is connected directly to the LM, Discrete Dynamics in Nature and Society and it receives the PWM signal generated by the FPGA and transforms it into 2-bridge power gate. The power circuit is composed of two parts: the isolated circuit and the full bridge inverter circuit. And the overcurrent fortification function is also realized by the FPGA. The experiments of the DDA system are accomplished according to Figures 10 and 11 . Figure 10 (a) shows the results of the tracking waveform of the PID control and the proposed scheme. Fluid power and other disturbances on the system would have great influence on the tracking performance while using the PID control. As is shown in Figure 10(b) , the LM-DDA system could attenuate the influence of the fluid power and other load disturbances while using the RBF-PID control but the system still has overshoot and vibration due to the unpredictable hydraulic force. From Figure 10 (c), we could see that the position tracking is fast and there is almost no overshoot while applying the strategy of RBF-ESO. Figure 11 shows the LM-DDA waveforms while tracking the 100 Hz sine wave when the proposed control strategy (RBF-ESO) is employed. It shows the rapid response of the system while applying the proposed RBF-ESO control method.
The experimental results on the LM-DDA system indicate that the strategy proposed can effectively overcome the influence of fluid power load on the system performance. Despite the influence of the fluid power and load disturbance, the system can maintain good stability and dynamic performance and would meet the system requirements.
Conclusions
The load disturbances in a linear motor-direct drive actuator (LM-DDA) have great influence on the system performance. A mathematical model of the LM-DDA system is established and a double-loop control system is presented. An extended state observer (ESO) with switched gain was utilized to estimate the influence of the hydraulic power and other load disturbances. Meanwhile, RBF neural network was utilized to optimize the parameters in this system. Simulation and experimental results demonstrated that the performance with rapid response and improved accuracy could be achieved by the proposed control scheme.
